Introduction {#s1}
============

Cadmium (Cd) is a non-essential heavy metal that is highly bio-toxic and is easily diffused in the environment through industrial waste, sewage effluent, and agricultural run-off ([@CIT0080]). Cd is absorbed mainly by plant roots and accumulates in edible tissues, thus posing a serious threat to human health via food chains ([@CIT0074]). To reduce the possible risk of excessive intake, various strategies have been developed to eliminate Cd from polluted soils, such as chemical sedimentation and chelation ([@CIT0059]). However, these measures can potentially disrupt the soil structure and microbial activity ([@CIT0016]). In contrast, phytoremediation uses hyper-accumulator plants to remove pollutants from the environment and is considered to be a promising cost-effective and environmentally friendly remediation technology, although it does present a number of challenges ([@CIT0049]).

Previous studies have identified a number of model heavy metal-accumulating plants, including *Sedum plumbizincicola*, *Arabidopsis helleri*, and *Noccaea caerulescens* ([@CIT0076]; [@CIT0058]). However, whilst these have strong metal accumulation they only produce relatively low biomass, which seriously restricts their practical use in the remediation of ecosystems. In contrast, oilseed rape (*Brassica napus*), a widespread oilseed crop ([@CIT0003]), shows great potential for phytoremediation by virtue of its large biomass production and strong metal accumulation ([@CIT0023]; [@CIT0038]).

Enhanced plant Cd resistance (PCR), which is a complicated trait involving factors such as uptake, transport, compartmentation, and retention ([@CIT0065]), is a pivotal prerequisite for hyper-accumulation of excess Cd. Stabilization, chelation, and subsequent compartmentation of metal--ligand complexes to reduce cytosolic Cd represent several of the most important mechanisms underlying PCR ([@CIT0014]). Previous studies have identified that the cell wall (CW) and vacuole play key roles in PCR ([@CIT0066]; [@CIT0058]). The CW is the first barrier that prevents toxic heavy metals from entering root cells ([@CIT0058]). Among the CW components, pectin, which is mainly regulated by pectin methyl esterase (PME) ([@CIT0057]), is a major contributor to CW-dependent retention of heavy metals ([@CIT0058]). Phytochelatins (PCs) are a class of peptides comprising (Glu-Cys)~*n*~-Gly (*n*=2--11) and are synthesized by phytochelatin synthases (PCSs) ([@CIT0054]). PCs play pivotal roles in vacuolar Cd detoxification by chelating the metal with their thiol (-SH) groups ([@CIT0054]). The transport of Cd--PC complexes into vacuoles is facilitated by ATP-binding cassette (ABC) transporters, such as ABCC1--3. ([@CIT0067]; [@CIT0008]). In addition, Cd sequestration within vacuoles also occurs via PC-independent pathways: in these, direct Cd^2+^ transport is facilitated by Cd^2+^/proton (H^+^) anti-porters driven by trans-membrane H^+^ gradients ([@CIT0036]). Heavy metal ATPase 3 (HMA3), cation/H^+^ exchangers (CAXs) and metal transporter proteins (MTPs), which are tonoplast-localized, play key roles in the sequestration of Cd^2+^ into vacuoles ([@CIT0088]; [@CIT0075]; [@CIT0069]).

Although PCR strategies have been elucidated in model heavy metal-accumulating plants, the genetic and molecular mechanisms underlying resistance in *B. napus* remain elusive due to the complexity of the allotetraploid rapeseed genome (A~n~A~n~C~n~C~n~, \~1345 Mb, 2*n*=4*x*=38) ([@CIT0011]; [@CIT0002]; [@CIT0070]). We therefore carried out the present study with the aims of (i) screening and characterizing rapeseed genotypes with extremely contrasting PCR, (ii) determining the morphophysiological, genomic, transcriptomic, and metabolic bases that underlie such contrasting PCR, and (iii) identifying elite resources of genes/metabolites that can be used for PCR improvement. Using an integrated analysis of morphophysiological data combined with ionomics, genomics, transcriptomics, and metabolomics, we identified the pivotal role of subcellular reallocation of Cd in determining PCR, together with genes that have potential as targets for the improvement of PCR.

Materials and methods {#s2}
=====================

Plant material and growth conditions {#s3}
------------------------------------

A panel consisting of 196 accessions of *Brassica napus* was collected in order to assess natural variations in PCR. Uniform 7-d-oldseedlings were transplanted into black plastic containers holding 10 l Hoagland solution ([@CIT0085]) . At 10-d-old, seedlings were transferred to solutions containing 10 μΜ Cd.The seedlings were cultivated in a growth chamber with the following conditions: light intensity, 300--320 μmol m^−2^ s^−1^; temperature, 25/22 °C day/night; photoperiod 16/8 h light/dark; relative humidity, 70%.

Microscopy analysis of leaf and root ultrastructure {#s4}
---------------------------------------------------

Root hairs of seedlings were examined using an Olympus SZX16 stereoscopic microscope. Pieces of young leaves (\~1 mm^2^) from the seedlings were examined using TEM (H-7650, Hitachi) for characterization of differences in cell morphologies, plasma membranes, and CWs. Leaf pieces were also examined using SEM (JSM-6390/LV, JEOL, Tokyo, Japan) to characterize stomatal morphology and density. Samples were prepared for electron microscopy according to the method of [@CIT0055] and at least 10 independent biological replicates were examined.

Determination of chlorophyll pigments, malondialdehyde, and proline {#s5}
-------------------------------------------------------------------

After seedlings had been exposed to 10 μΜ Cd (CdCl~2~) for 3 d as described above, the leaf chlorophyll contents were evaluated using a chlorophyll meter (SPAD-502, Konica Minolta). Determination of chlorophyll concentrations was performed using the method described by [@CIT0031]. Lipid peroxidation was indicated by malondialdehyde (MDA) concentrations via thiobarbituric acid determination ([@CIT0020]). Proline concentrations were determined spectrophotometrically using the ninhydrin assay ([@CIT0001]).

Cd, low-temperature, metabolic inhibitor, and glutathione treatments {#s6}
--------------------------------------------------------------------

The initial screening of the accession panel identified a range of PCR across the genotypes (see Results). On this basis, we selected Cd-sensitive 'Westar 10' ('W10') and Cd-resistant 'Zhongshuang11' ('Z11') for further detailed study.

For the low-temperature experiment, control seedlings were maintained at a constant temperature of 25 °C and for the low-temperature treatment they were maintained at 4 °C. Other conditions within the growth chamber were as detailed above. For the metabolic inhibitor treatment, 10-d-old seedlings were transferred to solutions containing both 10 μΜ Cd and 50 μM 2,4-dinitrophenol (DNP) at a constant temperature of 25 °C. For the glutathione (GSH) treatment, 10-d-old seedlings were transferred to solutions containing both 10 μΜ Cd and 1 mΜ GSH at a constant temperature of 25 °C ([@CIT0052]).

Collection of xylem and phloem sap, and quantification of mineral elements {#s7}
--------------------------------------------------------------------------

Sampled plants were divided into roots and shoots and were oven-dried at 65 °C until a constant weight was achieved. The dried tissues were subsequently transferred to a HNO~3~/HClO~4~ mixture (4:1, v/v) at 200 °C until they were completely digested ([@CIT0045]). The samples were then diluted with deionized water, and the concentrations of mineral elements were quantified by inductively coupled plasma mass spectrometry (ICP-MS; NexION^TM^ 350X, PerkinElmer).

Xylem sap was collected as described previously ([@CIT0079]; [@CIT0018]). 'Z11' and 'W10' seedlings that had been treated with 10 μM Cd for 3 d were cut at 2 cm above the shoot--root junction. The exudates were collected for 2 h as xylem sap, the samples were weighed, and then stored at 4 °C until further analysis. Phloem sap was collected in accordance with the method of [@CIT0051], as follows. To prevent air bubbles entering the vasculature, we removed the cotyledons using a razor blade immersed in deionized water before individual leaves were detached at the petioles. The leaves collected from one rapeseed plant were pooled together and flushed of xylem sap by placing the petioles in a tube filled with 300 ml of deionized water and incubated in an illuminated growth chamber for 15 min before further incubation in darkness for 1 h. The petioles were then re-cut under 5 mM Na~2~-EDTA (pH 7.5) under low light before placing them in fresh 5 mM Na~2~-EDTA. The leaves where then incubated in darkness for 1 h in a high-humidity chamber. Cd concentrations in the xylem and phloem sap were measured as described above.

Fractionation of CW components and quantification of Cd {#s8}
-------------------------------------------------------

Extraction of CWs and isolation of CW pectin was performed in accordance with the method described by [@CIT0092]. Briefly, the shoots and roots of the seedlings were collected and ground to fine power in liquid nitrogen. Crude CWs were extracted using ice-cold 75% alcohol, followed by acetone, methanol:chloroform (1:1, v/v), and methanol, and were then lyophilized and stored at 4 °C until use. The supernatant, which was collected via hot-water extraction, was collected as the pectin solution. The Cd concentrations in the CW components were determined as described above.

Fourier-transform infrared spectrometry {#s9}
---------------------------------------

The relative abundances of functional groups in the lyophilized CWs, including carboxyl (COO^−^) and hydroxyl (OH^−^) groups, were analysed using Fourier-transform infrared spectrometry (FTIR; Vertex 70, Bruker Optics, Ettlingen, Germany) as described by [@CIT0089]. For each sample, five biological replicates were examined under the same conditions.

Determination of sulfide concentrations and activities of glutathione S-transferase and pectin methyl esterase {#s10}
--------------------------------------------------------------------------------------------------------------

Total thiols (-SH groups) were determined according to the method of [@CIT0071] with minor modifications ([@CIT0029]). GSH levels were measured using the o-phthalaldehyde (OPA) fluorescence derivatization method ([@CIT0024]). The activity of glutathione S-transferase (GST, E.C. 2.5.1.18) was assayed using a spectrophotometer in accordance with the method of [@CIT0026], with minor modifications ([@CIT0021]).

Uronic acid concentrations within the pectin were assayed according to the method of [@CIT0004] using galacturonic acid (Sigma-Aldrich) as a standard. As described by [@CIT0007], acetone-insoluble CWs were sequentially extracted with *trans*-1,2-diaminocyclohexane-*N, N, N', N'*-tetraaceticacid (CDTA) and Na~2~CO~3~ that each contained 0.1% NaBH~4~ to isolate ionically bound and covalently bound pectin ([@CIT0006]). The activity of pectin methyl esterase (PME, E.C. 3.1.1.11) was measured at 25 °C (pH 7.5) using 0.2% pectin diluted in 0.1 M NaCl as previously described ([@CIT0019]). The amount of methanol produced during the reaction was monitored using the alcohol oxidase method of [@CIT0037].

Isolation of intact protoplasts and vacuoles, and measurement of Cd^2+^ {#s11}
-----------------------------------------------------------------------

Fresh leaves were used to isolate intact protoplasts and vacuoles as previously described by [@CIT0060]. The purified protoplasts and vacuoles were used to determine Cd^2+^ concentrations and marker enzyme activity as described previously ([@CIT0046]). The Cd concentrations were measured by ICP-MS as described above ([@CIT0022]; [@CIT0040]).

Whole-genome resequencing {#s12}
-------------------------

Fresh leaves of 10-d-old plants were sampled for isolation of genomic DNA (gDNA). An Illumina HiSeq 4000 system (read length 150 bp, paired end) belonging to the Novogene Biotechnology Company (Beijing, China) was used to perform whole-genome resequencing to distinguish variations in the gDNA. Genome-wide single-nucleotide polymorphisms (SNPs), insertions/deletions (InDels), copy number variations (CNVs), and structure variations (SVs) were identified and characterized between 'Z11' and 'W10' according to the method of [@CIT0032].

Transcriptome sequencing {#s13}
------------------------

To identify the key genes regulating the differential responses to Cd toxicity between the genotypes, we performed high-throughput mRNA transcriptome sequencing on leaves and roots under both Cd-free and Cd conditions. Seedlings of 'Z11' and 'W10' were grown hydroponically in Cd-free solution for 10 d and then transferred to either fresh Cd-free (control) or 10 μM Cd (treatment) solutions for 6 h. The plants were then sampled (three biological replicates) and divided into root and shoot tissues. Total RNA of each sample was extracted using pre-chilled TRIzol reagent (Invitrogen) following the manufacturer's instructions. A total of 48 RNA samples were processed using an Illumina Hiseq X Ten platform (Novogene, Beijing, China), which generated \~6.0 Gb of sequencing data with 150-bp paired-end reads for each sample.

Identification and characterization of differentially expressed genes {#s14}
---------------------------------------------------------------------

High-quality clean reads were mapped to the *B. napus* transcriptome reference of 'Z11' ([@CIT0070]). The mRNA abundances of the unigenes were then identified using TopHat (<http://ccb.jhu.edu/software/tophat/index.shtml>) and Cufflinks (<http://cole-trapnell-lab.github.io/cufflinks/>) ([@CIT0072]) and were normalized as fragments per kilobase of exon model per million mapped reads (FPKM) ([@CIT0073]). The differentially expressed genes (DEGs) were defined as those with both a *P*-value and false-discovery rate less than 0.05 ([@CIT0063]). Multiexperiment Viewer (MeV; <http://www.tm4.org/#/welcome>) ([@CIT0017]) was used to construct heatmaps based on the RNA-seq results. Gene ontology (GO) analyses of the DEGs were performed using the PANTHER classification system (<http://www.pantherdb.org/data/>) ([@CIT0050]).

Identification and characterization of the metabolome {#s15}
-----------------------------------------------------

For the metabolomics analysis, the seedlings of 'Z11' and 'W10' were grown hydroponically under Cd-free condition for 10 d and were then transferred to solutions containing 10 μΜ Cd for 3 d before sampling (eight independent biological replicates). Leaf and root tissues were ground in liquid nitrogen and kept frozen until use. The frozen powder (\~100 mg) was re-suspended in 1.0 ml of a mixture of pre-chilled CH~3~OH:CH~3~CN:H~2~O (2:2:1, v:v:v) and then sonicated for 15 min (4 °C). The samples were vortexed for 30 s, stored on ice for 1 h, and then centrifuged (20 min at 14 000 *g*, 4 °C). The methanolic phases were recovered, diluted in 1: 1 CH~3~CN:H~2~O, passed through 0.2-μm Minisart RC4 filters (Sartorius-Stedim Biotech, Gottingen, Germany), and then analysed using ultra-high performance liquid chromatography (UHPLC) with an Agilent 129 Infinity LC.

The UHPLC instrument was coupled to an ion-trap MS equipped with an electrospray ionization (ESI) source (Triple TOF 6600, Applied Biosystems Inc.), which was supplied with Shanghai Applied Protein Techonology Co., Ltd. (Shanghai, China). The ESI sources were set according to the method described by [@CIT0015]. Metabolites were characterized by comparing their retention times, *m/z* values, and fragmentation patterns with those of previous studies ([@CIT0015]). The chromatograms were converted to net CDF files for peak alignment and peak area extraction using MZmine (<http://mzmine.github.io/>). Differential metabolites were defined as those with *P*\<0.05.

cDNA synthesis and quantitative real-time PCR assays {#s16}
----------------------------------------------------

Quantitative real-time PCR (qRT-PCR) assays of 10 randomly selected genes were used to verify the accuracy of the RNA-seq results according to a previously described protocol ([@CIT0033]). After treatment of RNA samples with RNase-free DNase I, the total RNA of fresh tissues was used as the templates for cDNA synthesis with a PrimeScript^TM^ RT reagent Kit with gDNA Eraser (Perfect Real Time) (TaKaRa). The qRT-PCR assays were performed using a SYBR® Premix Ex Taq^TM^ II (Tli RNaseH Plus) (TaKaRa) kit under an Applied Biosystems StepOne^TM^ Plus Real-time PCR system (ThermoFisher Scientific). The thermal cycle regimes were as follows: 95 °C for 3 min, followed by 40 cycles of 95 °C for 10 s, and 60 °C for 30 s. A melt-curve analysis was also conducted as follows to ensure the primer-specificity of the target genes: 95 °C for 15 s, 60 °C for 1 min, and 60--95 °C for 15 s (+0.3 °C per cycle). The expression data were normalized using the public reference genes *BnaEF1-α* ([@CIT0047]) and *BnaGDI1* ([@CIT0082]) with the 2^−ΔΔ*C*T^ method ([@CIT0043]). Each sample included three independent biological replicates. Gene-specific primers for qRT-PCR are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"} at *JXB* online.

Statistical analysis {#s17}
--------------------

Significant differences were determined using Student's *t*-test or one-way ANOVA followed by Tukey's honestly significant difference multiple comparison tests using the Statistical Productions and Service Solutions 17.0 toolkit (SPSS).

Data availability {#s18}
-----------------

The raw data for the whole-genome re-sequencing, mRNA transcriptome sequencing, and UHPLC-MS metabolome profiles have been deposited with the Bioproject ID 'PRJCA001323' in the BIG Data Center (<http://bigd.big.ac.cn/>) at the Beijing Institute of Genomics.

Results {#s19}
=======

Natural variations in Cd resistance among rapeseed genotypes {#s20}
------------------------------------------------------------

To identify genotypic differences in PCR among natural rapeseed genotypes we tested a panel of 196 accessions grown with an excess of Cd (10 μM Cd) in hydroponic culture, using the leaf chlorophyll concentration as a proxy for PCR. We observed that chlororphyll in young leaves (represented by SPAD values) ranged from 6.0 to 40.1 in the presence of Cd, and the values were normally distributed and had a coefficient of variation of 32.6% ([Fig. 1A](#F1){ref-type="fig"}). This indicated that a wide natural variation in PCR occurred among the genotypes.

![Natural variations in plant cadmium (Cd) resistance and morphophysiological identification of the resistant and sensitive rapeseed genotypes. (A) Natural variations of Cd resistance in a panel comprising 196 accessions, as represented by chlorophyll SPAD values of young leaves. The SPAD values of the resistant genotype 'Zhongshuang 11' ('Z11') and the sensitive genotype 'Westar 10' ('W10') are indicated by arrows. (B) Growth performance of 'Z11' and 'W10' under Cd-free (control) and 10 μM Cd (CdCl~2~) conditions. (C, D) Images of young leaves after exposure of plants Cd for 3 d (C) and 5 d (D). Leaf necrotic spots are indicated by arrows in (D). (E, F) Stem trichomes (E) and root hairs (F) of 'Z11' and 'W10' under control and 10 μM Cd conditions. All plants were grown hydroponically under Cd-free conditions for 10 d, and then transferred to 10 μM Cd. (This figure is available in colour at *JXB* online.)](erz295f0001){#F1}

Morphophysiological characterization of genotypes sensitive and resistant to Cd {#s21}
-------------------------------------------------------------------------------

In order to examine the biological basis of the natural variations observed in PCR, we focused on a Cd-resistant genotype, 'Zhongshuang 11' ('Z11'), which is an elite cultivar with high seed yield and oil content ([@CIT0070]), and a Cd-sensitive genotype, 'Westar 10' ('W10'), which is highly susceptible to biotic and abiotic stresses ([@CIT0035]; [@CIT0030]).

Under Cd-free (control) conditions, no marked differences in growth performance were observed between the two genotypes ([Fig. 1B](#F1){ref-type="fig"}); however, when the plants were exposed to 10 μM Cd for 3 d, young leaves of 'W10' showed much more severe chlorosis than did those of 'Z11' ([Fig. 1C](#F1){ref-type="fig"}). After a further 5 d of Cd treatment, we observed more necrotic spots on the young leaves of 'W10' than in those of 'Z11' ([Fig. 1D](#F1){ref-type="fig"}). 'Z11' had more stem trichomes under Cd treatment ([Fig. 1E](#F1){ref-type="fig"}, [Supplementary Fig. S1A](#sup1){ref-type="supplementary-material"}). We also noticed that the mean lengths of the root non-hair zones of both genotypes were clearly decreased under Cd toxicity ([Fig. 1F](#F1){ref-type="fig"}); however, the root hairs of 'Z11' were much longer than did those of 'W10' ([Fig. 1F](#F1){ref-type="fig"}, [Supplementary Fig. S1B](#sup1){ref-type="supplementary-material"}).

To examine the cellular effects underlying the morphological differences, we characterized the ultrastructure of the young leaves and root tips using electron microscopy. Compared with control conditions, the stomatal density of both genotypes significantly decreased under Cd toxicity ([Fig. 2A--D](#F2){ref-type="fig"}). However, the stomatal density of the sensitive genotype 'W10' decreased to a greater degree than that of 'Z11' ([Fig. 2E](#F2){ref-type="fig"}). Moreover, we also observed that Cd toxicity had a more pronounced effect on stomatal size in 'W10' than in 'Z11' ([Fig. 2F--I](#F2){ref-type="fig"}, [Supplementary Fig. S1C](#sup1){ref-type="supplementary-material"}). The cell morphology of 'Z11' under Cd toxicity remained similar to that under Cd-free conditions ([Fig. 2J](#F2){ref-type="fig"}, L, N); in contrast, the chloroplasts of 'W10' leaves were severely damaged by Cd, which also caused detached cells, swollen CWs, shrunken plasma membranes, and fewer starch grains ([Fig. 2K](#F2){ref-type="fig"}, M, O). In the roots, we found that, compared with 'W10', the cells of 'Z11' had more peroxisomes ([Fig. 2P--S](#F2){ref-type="fig"}, [Supplementary Fig. S1D](#sup1){ref-type="supplementary-material"}), which may play key roles in scavenging of reactive oxygen species (ROS) induced by Cd toxicity.

![Ultrastructure of leaves and roots of the Cd-resistant rapeseed genotype 'Z11' and the Cd-sensitive genotype 'W10'. (A--D) SEM images of the leaves under (A, B) Cd-free (control) and (C, D) 10 μM Cd conditions. (E) Comparative analysis of stomatal density between 'Z11' and 'W10'. Data are means (±SE), *n*=3. Different letters indicate significant differences as determined by ANOVA and Tukey's HSD test (P\<0.05). (F--I) Stomata of of leaves under control and Cd conditions. (J--M) Low-magnification view of chloroplasts arrayed along plasma membranes and cell morphologies under (J, K) Cd-free (control) and (L, M) 10 μM Cd conditions. (N, O) Close-up images of leaf cell morphology of 'Z11' (N) and 'W10' (O) under 10 μM Cd. (P--S) Overview (P, Q) and close-up (R, S) images of root cell morphology of 'Z11' (P, R) and 'W10' (Q, S) under 10 μM Cd. All plants were grown hydroponically under Cd-free conditions for 10 d, and then transferred to 10 μM Cd for 3 d.](erz295f0002){#F2}

Ionomic characterization of genotypes sensitive and resistant to Cd {#s22}
-------------------------------------------------------------------

In addition to the disruption of leaf ultrastructure and root morphology, we also observed that Cd caused leaf chlorosis in both 'Z11' and 'W10'. The chlorophyll *a* and *b* concentrations in the young leaves of 'W10' were significantly lower than in 'Z11' following exposure to Cd toxicity ([Fig. 3A](#F3){ref-type="fig"}). Significantly greater MDA and proline concentrations were found in young leaves and in roots of 'W10' compared with 'Z11' as a result of Cd toxicity ([Fig. 3B](#F3){ref-type="fig"}, C), indicating that 'W10' experienced more severe lipid peroxidation and proteolysis. Under short-term but high Cd exposure, the dry biomasses of the shoots and roots did not differ significantly between the two genotypes ([Fig. 3D](#F3){ref-type="fig"}). We used ICP-MS to determine the tissue and subcellular concentrations of Cd^2+^ and other cations, and found that the overall Cd concentration in the whole plants did not differ between 'W10' and 'Z11' ([Fig. 3E](#F3){ref-type="fig"}).

![Comparative analysis of cadmium (Cd) concentrations between the Cd-resistant rapeseed genotype 'Z11' and the Cd-sensitive genotype 'W10'. (A--C) Concentrations of (A) chlorophyll *a* and *b*, (B) malondialdehyde (MDA), and (C) proline in young and mature leaves under Cd-free (control) and 10 μM Cd conditions. (D) Dry biomasses of the shoots and roots under 10 μM Cd. (E) Cd concentrations of whole plants under 10 μM Cd at either 25 °Cor 4 °C, and at 25 °C plus 50 μM DNP. (F--I) Cd concentrations of (F) the xylem and (G) the phloem sap, (H) the leaves and roots, and (I) the cell walls of plants grown under 10 μM Cd conditions. (J) Cd concentrations of root cell walls separated into pectins and non-pectin fractions under 10 μM Cd conditions. (K) Cd concentrations of vacuoles isolated from leaves under 10 μM Cd conditions. (L) Proportion of Cd reallocated to vacuoles in shoot protoplasts under 10 μM Cd conditions. V, vacuole; P, protoplast. All plants were grown hydroponically under Cd-free conditions for 10 d, and then transferred to 10 μM Cd for 3 d. Data are means (±SE), *n*=3.. Significant differences were determined using Student's *t*-test: \**P*\<0.05; \*\**P*\<0.01; ns, not significant. (This figure is available in colour at *JXB* online.)](erz295f0003){#F3}

Metal ions can be absorbed by plant roots both passively and actively ([@CIT0087]). To determine whether Cd accumulation differed between the symplastic and apoplastic pathways, we investigated the effects of low temperature (4 °C) ([@CIT0018]) and a metabolic inhibitor DNP ([@CIT0078]) on accumulation, since the symplastic pathway can be assumed to be minimal under these conditions ([@CIT0087]). Low temperature and addition of DNP both significantly inhibited Cd uptake in 'Z11' and 'W10', and the inhibitory effect was similar between the two genotypes ([Fig. 3E](#F3){ref-type="fig"}). Given that net symplastic uptake can be estimated by subtracting the uptake at 4 °C or under DNP from that of the control (Cd-free, 25 °C), these results indicated that both the symplastic and apoplastic accumulation of Cd were similar between the Cd-resistant and Cd-sensitive genotypes. The Cd concentrations in both the xylem and phloem were also not significantly different between 'Z11' and 'W10' ([Fig. 3F](#F3){ref-type="fig"}, G). We examined the Cd concentrations in young and mature leaves, and in the roots, but we did not still detect any significant differences between the genotypes ([Fig. 3H](#F3){ref-type="fig"}). In addition, we also measured the tissue concentrations of Mg^2+^, Mn^2+^, Fe^2+^, Cu^2+^, Zn^2+^, and Ca^2+^. Although the concentrations of some ions, such as Mn^2+^, Fe^2+^, and Cu^2+^, differed between the two genotypes under Cd-free conditions, most of the ion concentrations did not obviously differ under Cd toxicity ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}).

The similar Cd concentrations between 'Z11' and 'W10' in both the whole plants and within individual tissues prompted us to investigate the subcellular reallocation of Cd within the CWs and vacuoles. Interestingly, we observed that the CW Cd concentration was significantly higher in the roots of 'Z11' than those of 'W10'. No differences were detected in the concentrations within leaf CWs ([Fig. 3I](#F3){ref-type="fig"}). We further divided the root CWs into pectin and other components, including cellulose and lignin among others, and found that pectin was mainly responsible for the differences in the Cd concentrations ([Fig. 3J](#F3){ref-type="fig"}). By isolating leaf protoplasts and vacuoles, we found that the vacuole Cd concentration was significantly higher in 'Z11' than in 'W10' ([Fig. 3K](#F3){ref-type="fig"}). A greater proportion (97.5%) of leaf protoplast Cd was reallocated to the vacuole in 'Z11' than that in 'W10' (91.8%) ([Fig. 3L](#F3){ref-type="fig"}).

Taken together, these results suggested that shoot vacuolar sequestration and root CW retention of Cd might be the main causes of the differences in PCR between the resistant genotype 'Z11' and the sensitive genotype 'W10'.

Genomic variations between the Cd-resistant and Cd-sensitive genotypes {#s23}
----------------------------------------------------------------------

To identify the genomic variations between the Cd-resistant and Cd-sensitive genotypes, we performed high-throughput whole-genome resequencing of 'W10', generating a total of \~40.0 Gb (\>30×depth) data ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}); previously the genome of 'Z11' has been *de novo* sequenced and released ([@CIT0070]).

Based on the sequencing data, we characterized a total of 1 761 449 SNPs, 345 180 InDels, 71 641 SVs, and 40 415 CNVs in the rapeseed genome (A~n~ subgenome: A1--A9; C~n~ subgenome: C1--C9) ([Fig. 4A](#F4){ref-type="fig"}, B). The genome-wide SNPs were unevenly distributed across the 19 chromosomes of *B. napus*, ranging from 37 368 (chr. A8) to 140 319 (chr. C3) with a mean of 92 708 SNPs on each chromosome ([Supplementary Fig. S3A](#sup1){ref-type="supplementary-material"}). The nucleotide diversity, π (mean SNP number per nucleotide), ranged from 1.45×10^--3^ (chr. C5) to 3.97×10^--3^ (chr. A2), with mean values of π=2.86×10^--3^ (A~n~ subgenome) and π=1.90×10^--3^ (C~n~ subgenome) ([Fig. 4C](#F4){ref-type="fig"}, [Supplementary Fig. S3B](#sup1){ref-type="supplementary-material"}). The InDel number ranged from 8090 (chr. A8) to 27 387 (chr. A3) with a mean of 18 167 InDels on each chromosome ([Supplementary Fig. S3C](#sup1){ref-type="supplementary-material"}). We then used the reference of the 'Zhongshuang 11' ('Z11') genome annotation ([@CIT0070]) to examine the genomic distribution of SNPs and InDels. Most of them were identified in the 2.0-kb upstream (promoter) and other intergenic regions ([Fig. 4D](#F4){ref-type="fig"}), which indicated a crucial role of genomic variations in transcriptional regulation. The SVs affecting \>50-bp genomic alterations were divided into five terms: genomic fragment insertion (109; 0.152%), deletion (18 573; 25.9%), inversion (1746; 2.44%), intra-chromosomal translocation (8943; 12.5%), and inter-chromosomal translocation (42 270; 59.0%) ([Fig. 4E](#F4){ref-type="fig"}). CNVs belong to a class of SVs with variable copy numbers ([@CIT0084]); whilst more genomic regions with deleted copy numbers were found in 'W10', the total length of CNVs was similar between 'Z11' and 'W10' ([Fig. 4F](#F4){ref-type="fig"}).

![Genome-wide identification and molecular characterization of genomic DNA polymorphisms between the Cd-resistant rapeseed genotype 'Z11' and the Cd-sensitive genotype 'W10'. (A) Overview of the genetic variants between the genotypes, as delineated by the Circos software (<http://circos.ca/>). In the figure, the genomic variants are as follows, outside-to-inside: (i) chromosomes, (ii) single nucleotide polymorphisms (SNPs), (iii) insertions/deletions (InDels), (iv) copy number variation (CNV) duplications, (v) CNV deletions, (vi) structure variation (SV) insertions, (vii) SV deletions, and (viii) intra-/inter-chromosomal translocation (SV inversion). (B) Number of the genome-wide genetic variants. (C) Nucleotide diversity (π) of the A~n~ and C~n~ sub-genomes. (D) Genomic annotation of SNPs and InDels. (E) Number of CNV duplication/deletion variants and total variant length (Mb). INS, insertion; DEL, deletion; INV, inversion; ITX, intra-chromosomal translocation; CTX, inter-chromosomal translocation. (F) Number of SV variants. (G) Gene ontology (GO) and (H) KEGG pathway enrichment analysis of the global genetic variants. The size of the symbol indicates the number of genes with genomic variants between 'Z11' and 'W10', and the rich factor indicates the degree of enrichment of the GO items and KEGG pathways. (This figure is available in colour at *JXB* online.)](erz295f0004){#F4}

The genomic variants between 'Z11' and 'W10' were subjected to enrichment analysis of GO terms, which were grouped into the following three categories: 'biological process' (BP), 'cellular component' (CC), and 'molecular function' (MF) ([Fig. 4G](#F4){ref-type="fig"}). In the MF annotations, the activities of metal-ion binding and transporters were most notable; in the CC annotations, the organelle and membrane parts were more prominent; and in the BP annotations, response to stimulus, signal transduction, and glutathione metabolism were highly enriched ([Fig. 4G](#F4){ref-type="fig"}). The KEGG pathway analysis showed genetic variants involving metabolism of sulfide, including serine, cysteine, and methionine, and sugar were over-represented ([Fig. 4H](#F4){ref-type="fig"}).

Differential transcriptional responses to Cd toxicity between the resistant and sensitive genotypes {#s24}
---------------------------------------------------------------------------------------------------

After the removal of low-quality and adaptor sequences, a total of 423 million clean reads were obtained with a mean of \~53 million reads (\~7.94 Gb of data) for each sample ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). To examine the accuracy of the RNA-seq data, we selected 10 genes to detect their expression levels via qRT-PCR assays. The results showed that most of the gene expression was highly consistent (*R*^*2*^\>0.95) between the transcriptome sequencing and the qRT-PCR validation ([Fig. 5A](#F5){ref-type="fig"}), indicating high reliability of the sequencing results.

![Genome-wide identification and characterization of the Cd-responsive differentially expressed genes (DEGs) between the Cd-resistant rapeseed genotype 'Z11' and the Cd-sensitive genotype 'W10'. (A) Consistency analysis between the qRT-PCR assays and RNA-seq results. (B, C) Number of the genome-wide Cd-responsive DEGs in the shoots and roots between the two genotypes. Z, 'Z11'; W, 'W10'; S, shoot; R, root. (D) Circos diagram (<http://circos.ca/>) showing Pearson correlations between the RNA-seq samples. The thickness of the lines indicates the correlation between each pair of RNA-seq samples: the thicker the lines, the higher the correlation. (E, F) KEGG pathway enrichment analysis of the global DEGs in the shoots (E) and roots (F). The circle size indicates the number of DEGs, and the rich factor indicates the degree of enrichment of the KEGG pathways involving DEGs. For transcriptome sequencing, the plants were grown hydroponically under Cd-free conditions for 10 d, and were then transferred to 10 μM Cd for 6 h before being sampled. (This figure is available in colour at *JXB* online.)](erz295f0005){#F5}

We found more genes responsive to Cd in the roots than in the shoots with a total of 315 and 3268 DEGs being identified in the shoots and roots, respectively, between 'Z11' and 'W10' ([Fig. 5B](#F5){ref-type="fig"}, C). A Pearson coefficient analysis showed low correlation between the shoot and root samples of both 'Z11' and 'W10' ([Fig. 5D](#F5){ref-type="fig"}), indicating that they had distinct response patterns. The physiological data had indicated that shoot vacuolar sequestration and root CW retention of Cd might be the main causes of the differences in PCR between the two genotypes ([Fig. 2](#F2){ref-type="fig"}). In terms of the KEGG pathways of the DEGs, we paid more attention to the genes involved in sulfur metabolism and ABC transporters that were enriched in the shoots ([Fig. 5E](#F5){ref-type="fig"}); in the roots, we focused on the pathways implicated in oxidative phosphorylation and galactose metabolism that were over-represented ([Fig. 5F](#F5){ref-type="fig"}).

The determination of PCR encompasses multiple processes involving uptake, translocation, and sequestration, among others ([@CIT0015]; [Fig. 6A](#F6){ref-type="fig"}). Our ionomics analysis revealed that Cd uptake did not significantly differ between the Cd-resistant and Cd-sensitive genotypes ([Fig. 3](#F3){ref-type="fig"}; consistent with this finding, we also did not detect differential expression of the genes involved in Cd uptake, including *Natural resistance-associated macrophage protein 5* (*NRAMP5*) ([Fig. 6B](#F6){ref-type="fig"}), *Zinc/Iron regulated proteins* (*ZIPs*), and *Yellow-stripe like proteins* (*YSLs*) (data not shown). In the shoots, we focused on the DEGs involved in the vacuolar sequestration of dissociative Cd^2+^ and Cd chelates ([Fig. 6C--M](#F6){ref-type="fig"}). Among the 16 DEGs for *HMA3*s, *MTP*s, and *CAX*s, a greater proportion (11, 68.8%) presented higher transcript abundances in the shoots of 'Z11' than in those of 'W10' ([Fig. 6C--E](#F6){ref-type="fig"}). Given that most cytosolic Cd is bound to ligands ([@CIT0010]), we therefore focused on the genes involved in Cd chelation and in vacuolar sequestration and transport of Cd chelates. The expression levels of many more genes involved in the biosynthesis of cysteine (*CysK*) and GSH (*GS*) and their membrane-spanning translocation (*OPT*, *Oligopeptide transporter*) were higher in the shoots of 'Z11' than in 'W10' ([Fig. 6F--H](#F6){ref-type="fig"}). PCs, produced by phytochelatin synthetase (PCS), are a class of key chelates that are indispensable for Cd detoxification ([@CIT0022]); combining the transcriptional profiling of *PCS1* and *PCS2*, we found that most of them were significantly higher in the shoots of 'Z11' than in those of 'W10' ([Fig. 6I](#F6){ref-type="fig"}). It is believed that the transport of PC--Cd chelates into vacuoles is mediated mainly by the ABCC1--3 transporters ([@CIT0056]; [@CIT0008]). In our current study, neither *ABCC1* nor *ABCC2* DEGs were identified between 'Z11' and 'W10'; however, in the shoots, five of the six *ABCC3* DEGs had significantly higher mRNA levels in 'Z11' than in 'W10' ([Fig. 6J](#F6){ref-type="fig"}). After performing a gene co-expression network analysis, we determined that *BnaCn.ABCC3* appeared to be a central member involved in the differential vacuolar sequestration of PC--Cd complexes between the Cd-resistant and Cd-sensitive genotypes ([Fig. 6K](#F6){ref-type="fig"}). In addition, we also detected seven other *ABCC* family DEGs, including *ABCC*4, *ABCC8*, *ABCC12*, and *ABCC14* ([Fig. 6L](#F6){ref-type="fig"}), and identified another *ABCC* gene, *BnaC3.ABCC4*, as a key member that might be involved in regulating vacuolar sequestration of Cd ([Fig. 6M](#F6){ref-type="fig"}).

![Transcriptional characterization of some Cd-responsive differentially expressed genes (DEGs) involved in shoot vacuolar Cd sequestration between the Cd-resistant rapeseed genotype 'Z11' and Cd-sensitive genotype 'W10'. (A) A schematic diagram of Cd uptake and vacuolar sequestration. In the uptake process, Cd^2+^ enters the cytosol mainly via the Natural resistance-associated macrophage protein 5 (NRAMP5) zinc/iron-regulated proteins (ZIPs). In the detoxification process, cytosolic Cd^2+^ can be chelated by glutathione (GSH) and phytochelatins (PCs). Exogenous GSH can enter the cytoplasm through the oligopeptide transporters (OPTs), and endogenous GSH can be biosynthesized with the catalysis of GS2. PCs are synthesized using GSH with the catalysis of PCS1. In the accumulation process, Cd^2+^ and Cd-chelates can enter the vacuole via MTP1 and ABCC1/2/3, respectively. (B--M) Transcriptional profiling of rapeseed *NRAMP5* (B), *HMA3* (C), *MTP* (D), *CAX* (E), *CysK* (F), *GS* (G), *OPT* (H), *PCS* (I), and *ABCC3* (J, K) and other *ABCC* (L, M) family genes in the shoots and roots under Cd toxicity. The heatmaps show gene expression levels as indicated by FPKM values (fragments per kilobase of exon model per million mapped reads). Cd-responsive DEGs are defined as those with both *P*-value and false-discovery rate less than 0.05 ([@CIT0063]). The DEGs with higher expression between Cd-resistant 'Z11' and Cd-sensitive 'W10' are denoted by asterisks. T, treatment (10 μM Cd); Z, 'Z11'; W, 'W10'; S, shoot; R, root. In (K) and (M) the gene co-expression networks were constructed using Cytoscape (<http://www.cytoscape.org/>). Cycle nodes represent genes, and the size of the nodes represents the power of the interrelation among the nodes by degree value. Edges between two nodes represent interactions between genes. (This figure is available in colour at *JXB* online.)](erz295f0006){#F6}

Our results had showed that Cd detoxification by roots mainly depended on retention by CW pectin ([Fig. 2H](#F2){ref-type="fig"}, I), which is largely regulated by the degree of pectin demethyl esterification as determined by the activity of PME ([@CIT0009]). A higher degree of pectin demethyl esterification allows pectin to bind more heavy metals ([@CIT0044]). In total, we identified 42 Cd-responsive *PME* DEGs in the roots between 'Z11' and 'W10'; among these, the transcript levels of 29 were clearly higher in 'Z11' than in 'W10' ([Fig. 7A](#F7){ref-type="fig"}). Based on our co-expression network analysis of the *PMEs*, we characterized *BnaA8.PME3* as the central gene involved in the regulation of pectin demethyl esterification ([Fig. 7B](#F7){ref-type="fig"}). In turn, we found that the expression of *BnaA8.PME3* in the roots of 'Z11' was \~26-fold higher than that of 'W10' under Cd toxicity ([Fig. 7A](#F7){ref-type="fig"}), which was also confirmed by the qRT-PCR assay ([Fig. 7C](#F7){ref-type="fig"}).

![Transcriptional characterization of some Cd-responsive differentially expressed genes (DEGs) of pectin methyl esterase (PME) involved in root Cd retention between the Cd-resistant rapeseed genotype 'Z11' and the Cd-sensitive genotype 'W10'. (A) Transcriptional profiling of the *PME* DEGs in the shoots and roots. (B) Co-expression network analysis of the *PME* DEGs. (C) Relative expression of *BnaA8.PME3* between 'Z11' and 'W10' according to qRT-PCR assays. The heatmaps show gene expression levels as indicated by FPKM values (fragments per kilobase of exon model per million mapped reads). Cd-responsive DEGs are defined as genes with both *P*-value and false-discovery rate less than 0.05 ([@CIT0063]). The DEGs with higher expression between the Cd-resistant 'Z11' and the Cd-sensitive 'W10' are denoted by asterisks. T, treatment (10 μM Cd); Z, 'Z11'; W, 'W10'; S, shoot; R, root. The gene co-expression networks were constructed using Cytoscape (<http://www.cytoscape.org/>). Cycle nodes represent genes, and the size of the nodes represents the power of the interrelation among the nodes by degree value. Edges between two nodes represent interactions between genes. (This figure is available in colour at *JXB* online.)](erz295f0007){#F7}

Differential metabolic fingerprints in responses to Cd toxicity between the resistant and sensitive genotypes {#s25}
-------------------------------------------------------------------------------------------------------------

Our physiological, genomic, and transcriptomic analyses had indicated that different Cd chelation and vacuolar sequestration, and CW retention were the main causes of the differences in PCR in the shoots and roots, respectively. To further confirm this, we employed UHPLC-MS to identify the different metabolites involved in Cd chelation and retention. Under Cd toxicity, the different genotypes and tissues exhibited significantly different metabolic features compared with the control ([Fig. 8A](#F8){ref-type="fig"}), indicating genotype- and tissue-specific metabolic responses to Cd. Principal component analysis (PCA) showed that the sample distributions on PC1 (51.9% of the variance of the shoots and 42.1% of the variance of the roots) were determined mainly by the genotype ([Fig. 8B](#F8){ref-type="fig"}, C).

![Metabolic characterization of differential metabolites between the Cd-resistant rapeseed genotype 'Z11' and the Cd-sensitive genotype 'W10'. (A) Quality control of the differential metabolite charges in the shoots and roots between the two genotypes under Cd toxicity. The values of metabolic profiles under Cd toxicity were calculated relative to the control. (B, C) Principal component analysis of differential metabolites in the shoots (B) and roots (C). (D, E) Volcano diagrams showing differential metabolites in the shoots (D) and roots (E). 'Z11\>W10' indicates the metabolites had higher accumulation in 'Z11' than in 'W10', and vice versa. (F, G) Metabolic pathway enrichment analysis of the differential metabolites in the shoots (F) and roots (G) between 'Z11' and 'W10'. The circle size indicates the degree of enrichment. Metabolites were determined by high-throughput HPLC-MS. The plants were grown hydroponically under Cd-free conditions for 10 d, and were then transferred to 10 μM Cd for 3 d before being sampled. (This figure is available in colour at *JXB* online.)](erz295f0008){#F8}

Regardless of shoots or roots, more metabolites with higher abundance were detected in 'Z11' than in 'W10' ([Fig. 8D](#F8){ref-type="fig"}, E). Metabolite enrichment analyses revealed that in the shoots, the metabolism of sulfur-containing compounds, such as serine, cysteine, methionine, and GSH, were highly enriched ([Fig. 8F](#F8){ref-type="fig"}). In the roots, most of the differences in metabolites were related to phenylalanine/phenypropanoids as well as some saccharides, including galactose and fructose ([Fig. 8G](#F8){ref-type="fig"}), which play crucial roles in CW biosynthesis. Detailed metabolite fingerprints were confirmed by heatmaps showing the signals of all the isotopes for each metabolite ([Fig. 9](#F9){ref-type="fig"}). In addition to higher levels of numerous amino acids and organic acids that act as key Cd^2+^ ligands, higher levels of sulfide (including serine, cysteine, GSH, and methionine) and nicotinamide compounds ([Fig. 9A](#F9){ref-type="fig"}) indicated stronger Cd chelation, subsequently followed by vacuolar sequestration, which occurred more in the shoots of resistant 'Z11' than in those of sensitive 'W10'. By summarizing of the pectin biosynthesis pathway ([Fig. 9B](#F9){ref-type="fig"}), we found that some pectin synthesis substrates accumulated more highly in the roots of 'Z11' than in those of 'W10' ([Fig. 9C](#F9){ref-type="fig"}).

![Differential metabolite fingerprints in the shoots and roots between the Cd-resistant rapeseed genotype 'Z11' and the Cd-sensitive genotype 'W10'. (A) Differential metabolite profiling in the shoots of the two genotypes under Cd toxicity. (B) Schematic diagram showing the pectin biosynthesis pathway. (C) Differential metabolite profiling in the roots. Metabolites were determined by high-throughput HPLC-MS. The plants were grown hydroponically under Cd-free conditions for 10 d, and were then transferred to 10 μM Cd for 3 d before being sampled. The concentration abundance was calculated as a percentage relative to the sample with the highest value for each metabolite. (This figure is available in colour at *JXB* online.)](erz295f0009){#F9}

Using a chemical colorimetry method, we confirmed that the concentrations of total sulfydryl (-SH), cysteine, and GSH in the shoots of 'Z11' were indeed significantly higher than those of 'W10' ([Fig. 10A--C](#F10){ref-type="fig"}), indicating high accuracy of our metabolomics data. The activity of GST, which mediates the binding of GSH to cytotoxic compounds ([@CIT0021]), was stronger in the shoots of 'Z11' than in those of 'W10' ([Fig. 10D](#F10){ref-type="fig"}). Moreover, exogenous addition of GSH clearly alleviated the leaf chlorosis in 'W10' caused by Cd toxicity ([Fig. 10E](#F10){ref-type="fig"}), which might be attributed to a GSH-induced reduction of Cd absorption *in vitro* and efficient chelation with Cd *in vivo* ([@CIT0052]). In the roots, although the concentrations of covalently bound pectin were similar between the two genotypes ([Fig. 10F](#F10){ref-type="fig"}), we observed that 'Z11' had more ionically bound pectin ([Fig. 10G](#F10){ref-type="fig"}) and uronic acid ([Fig. 10H](#F10){ref-type="fig"}) than 'W10'. In addition, 'Z11' also showed higher PME activity ([Fig. 10I](#F10){ref-type="fig"}). These results were further validated by the higher degree of pectin demethylation in 'Z11' than in 'W10', which was reflected by the higher abundance of carboxyl (COO^−^) and hydroxyl (OH^−^) groups ([Fig. 10J](#F10){ref-type="fig"}).

![Validation of some key metabolites and enzymes in shoots and roots between the Cd-resistant rapeseed genotype 'Z11' and the Cd-sensitive genotype 'W10'. (A--C) Concentrations of (A) total sulfydryl (-SH), (B) cysteine, and (C) glutathione (GSH) in the shoots between 'Z11' and 'W10' under Cd-free (control) and Cd conditions. (D) Activity of glutathione S-transferase (GST) in the shoots. (E) Images of leaves of plants with Cd toxicity with or without addition of GSH. The plants were grown hydroponically under Cd-free conditions for 10 d, and were then transferred to either 10 μM Cd (Cd--GSH) or 10 μM Cd supplemented with 1 mM GSH (Cd+GSH) for 3 d. F--H) Concentrations of covalently bound pectin (F), ionically bound pectin (G), and uronic aicd (H) in the root cell walls. (I) Pectin methyl esterase (PME) activity in the roots. (J) Relative abundance of carboxyl (COO^−^) and hydroxyl (OH^−^) in root pectins'. Apart from (E), the plants were grown hydroponically under Cd-free conditions for 10 d, and were then transferred to 10 μM Cd for 3 d before being sampled. Data are means (±SE), *n*=3. Different letters indicate significant differences as determined using ANOVA and Tukey's HSD (*P*\<0.05). (This figure is available in colour at *JXB* online.)](erz295f0010){#F10}

Discussion {#s26}
==========

As a staple oilseed crop species that produces large amounts of biomass, *B. napus* has a great potential for the phytoremediation of soils polluted with Cd ([@CIT0023]). Improving plant Cd resistance (PCR), which contributes to its hyper-accumulation, is a key prerequisite for plant-assisted phytoremediation. However, the regulatory mechanisms that underlie PCR in rapeseed remain elusive due to the complexity of its allotetraploid genome. In this study, by assessing PCR, we identified a Cd-resistant genotype 'Z11' and a Cd-sensitive genotype 'W10' from a rapeseed panel comprising 196 accessions ([Fig. 1](#F1){ref-type="fig"}). By further performing an integrated analysis of morphophysiological, ionomic, genomic, transcriptomic, and metabolomics data, we gained a comprehensive understanding of the different responses to Cd toxicity and the PCR strategies.

Pivotal roles of subcellular reallocation of Cd in the determination of PCR {#s27}
---------------------------------------------------------------------------

We did not observe significant differences in either shoot or root Cd concentrations between the resistant and sensitive genotypes ([Fig. 3E](#F3){ref-type="fig"}). By isolating individual cell components, we found that vacuolar compartmentalization of Cd in the shoots and retention of Cd in cell wall (CW) pectin in the roots might be the main causes of the differences in PCR ([Figs 3I--L](#F3){ref-type="fig"}, [11](#F11){ref-type="fig"}), which suggested that different strategies for PCR exist between different plant tissues.

![A schematic model of the subcellular reallocation of Cd in determining the differential plant resistance between rapeseed genotypes. For most plants, more Cd tends to be accumulated in the roots than in the shoots. Similar tissue Cd concentrations were observed in both the shoots and roots between the Cd-resistant genotype 'Z11' and the Cd-sensitive genotype 'W10'. In the roots of 'Z11', a higher proportion of cellular Cd was reallocated to the cell walls (CWs) than that in 'W10', which was severely damaged by of the increase in free cytosolic Cd^2+^. The efficient Cd retention in CWs of 'Z11' was attributable to more chemical groups with negative charges (RCOO^−^; e.g. carboxyl), which were mainly regulated by the CW pectin methyl esterase (PME). In the shoots, more chelates, including sulfur-containing compounds, and higher expression of the ATP-binding cassette (ABC) transporters were detected in 'Z11' than in 'W10'. This contributed to a larger proportion of vacuolar Cd in 'Z11', which reduced the detrimental effects caused by free cytosolic Cd. Greater numbers of symbols within cells indicate higher the abundances. The sizes of gene names indicate their expression levels, i.e. the larger the gene name, the higher its gene expression level. (This figure is available in colour at *JXB* online.)](erz295f0011){#F11}

For most plants, Cd tends to accumulate more in the roots than in the shoots ([@CIT0068]), which was also observed in the present study ([Fig. 3H](#F3){ref-type="fig"}). The concentrations in the roots were 4-fold higher than those in the shoots, which suggested that the root endodermis and xylem might serve as an effective barrier for root-to-shoot translocation. The plant root CWs, which are composed of polysaccharides and proteins, function as the first protective barrier in defense against biotic and abiotic threats ([@CIT0025]). The efficacy of roots in terms of Cd retention is mainly attributable to the number of available functional groups (e.g. carboxyl and hydroxyl) in the CWs that can bind with heavy metal cations ([@CIT0053]). Among the CW components, pectin, which is regulated mainly by PME ([@CIT0057]), is a major contributor to Cd retention ([@CIT0058]). We found that differential reallocation within pectin was mainly responsible for the distinct Cd concentrations in the root CWs ([Fig. 3J](#F3){ref-type="fig"}), which highlighted the crucial role of pectin in the determination of PCR.

In addition to the CW retention of Cd, vacuolar compartmentation is also pivotal for enhanced PCR because it restricts the mobility of free Cd in the cytosol ([@CIT0065]). In the present study, we found that a larger proportion of protoplast Cd was reallocated into the shoot vacuoles in resistant 'Z11' compared with sensitive 'W10' ([Fig. 3K](#F3){ref-type="fig"}, L). The chelation of Cd^2+^ by sulfur-containing compounds, particularly GSH and its-derived PCs, plays a key role in its subsequent vacuolar compartmentation ([@CIT0027]). [@CIT0052] reported that GSH applied to roots reduces Cd concentrations in the symplastic sap of root cells and significantly inhibits its root-to-shoot translocation via xylem vessels. GSH applied to roots also activates Cd efflux from root cells to the hydroponic solution. In addition, GSH application activates the antioxidant system to reduce Cd-induced accumulation of ROS and reduces damage to the ultrastructure of the cells ([@CIT0064]). By integrating ultra-high performance liquid chromatography and a chemical colorimetry method, we confirmed that the concentrations of total sulydryl (-SH), cysteine, and GSH in the shoots of 'Z11' were indeed significantly higher than those of 'W10' ([Figs 9](#F9){ref-type="fig"}, [10A--C](#F10){ref-type="fig"}), and exogenous addition of GSH to the roots clearly alleviated the leaf chlorosis in 'W10' caused by Cd toxicity ([Fig. 10E](#F10){ref-type="fig"}). The GSH-mediated enhancement of PCR may be attributed to reduced Cd absorption *in vitro*, efficient chelation with Cd *in vivo*, and GSH activation of ROS scavenging.

Overall, efficient retention of Cd by root CWs combined with shoot vacuolar sequestration contributed synergistically to strengthening PCR ([Fig. 11](#F11){ref-type="fig"}), which highlights the pivotal role of subcellular reallocation of Cd in determining PCR.

Using a multiomics approach to elucidate the mechanisms underlying PCR {#s28}
----------------------------------------------------------------------

Many previous studies of PCR have focused on changes in plant metabolism ([@CIT0079]; [@CIT0081]), the transcriptome ([@CIT0090]; [@CIT0034]), or the proteome ([@CIT0048]), and have failed to provide a systematic understanding of plant responses to Cd toxicity. Currently, an increasing number of omics resources are being broadly applied across the life sciences as a result of the comprehensive insights that they are capable of providing. For example, comparative transcriptome sequencing combined with morpho-physiological analyses in sweet sorghum have revealed key factors that affect differential Cd accumulation in two contrasting genotypes ([@CIT0018]). In *Arabidopsis halleri*, integrated RNA-seq and metabolomics profiles have been anlaysed to reveal contrasting PCR strategies in two metallicolous populations ([@CIT0015]). However, few multiomics studies, particularly those involving PCR, have been conducted so far on allotetraploid rapeseed.

In the present study, we first identified many differences in plant ultrastructural morphology, including in root hairs, stomatal size and number, chloroplasts, trichomes, and peroxisomes ([Figs 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, [Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}). Excess Cd significantly inhibits root growth ([@CIT0027]) and results in swelling in leaves and disorganization of the chloroplast stroma/granum lamellae, smaller stomatal perimeters, and an increased number of closed stomata ([@CIT0041]). Thus, root performance and the ultrastructure of chloroplasts and stomata may be used to indicate the resistance or sensitivity of plants to Cd toxicity, and hence the longer root hairs, well-organized chloroplasts, and larger stomata of 'Z11' might be due to its more enhanced PCR compared with 'W10'. These differences in growth performance may well affect essential nutrient absorption and photosynthesis. One of the most important functions of trichomes in plants is the sequestration and compartmentalization of heavy metals through active secretion of metal crystals ([@CIT0013]; [@CIT0062]; [@CIT0005]; [@CIT0028]). The structure of chloroplasts and stomata are also used as an indicator of PCR. Excessive Cd concentrations usually cause over-production of ROS, which may result in cell death due to oxidative processes, such as damage to nucleic acid and peroxidation of membrane lipids ([@CIT0065]). To minimize Cd-induced ROS formation, plants usually activate antioxidants produced by peroxisomes to act as scavengers ([@CIT0012]). We observed more peroxisomes in 'Z11' than in 'W10', which might contribute to enhanced PCR of the former through efficiently reducing Cd-induced ROS accumulation. Taken together, the differences in leaf trichome numbers, chloroplast organization, and stomatal apertures lead us to propose that they are involved in the differences in PCR and Cd-induced growth effects between the two genotypes.

Our ionomics data suggested that shoot vacuolar sequestration and retention of Cd in root CW pectin were mainly responsible for the contrasting PCR between the resistant and sensitive genotypes ([Fig. 3](#F3){ref-type="fig"}), indicating that there were different ion reallocation strategies within them. To uncover the genomic basis of the differential PCR, we performed whole-genome resequencing on the resistant and sensitive genotypes. Large numbers of the DNA variants between these rapeseed genotypes were mapped onto genes involved in metal binding and cell macromolecule biosynthesis, such as sulfur-containing compounds (serine and glutathione) and CW components (particularly sugar) ([Fig. 4G](#F4){ref-type="fig"}, H), and hence these genes might be responsible for the stimulus response to Cd toxicity, vacuolar Cd sequestration, and pectin-mediated Cd retention. Further, our transcriptomics-assisted analysis revealed that in the shoots, the expression of genes involved in Cd chelation and vacuolar Cd compartmentalization (sulfur metabolism and ABC transporters) was significantly higher in 'Z11' than in 'W10' ([Fig. 5](#F5){ref-type="fig"}). Higher mRNA levels of *PME*s in 'Z11' compared to 'W10' in the roots ([Fig. 6](#F6){ref-type="fig"}) indicated that the CW pectin derived from carbohydrates might have a higher degree of demethylation. This potentially produces greater numbers of free functional groups with negative charges, which are essential for binding of cation ions and hence for binding and detoxification of Cd ([@CIT0091]). To further confirm our hypothesis, we used a UHPLC-MS platform to characterize the differential metabolites between the two genotypes. Detailed metabolic fingerprints showed that 'Z11' had more sulfide, organic acids, and amino acids in the shoots than 'W10' ([Figs 8F](#F8){ref-type="fig"}, [9A](#F9){ref-type="fig"}, [10A--C](#F10){ref-type="fig"}), which showed weaker Cd chelation. The root metabolic profiling showed that ionically bound pectin and uronic acid accumulated less in 'W10' than in 'Z11' ([Figs 8G](#F8){ref-type="fig"}, [9C](#F9){ref-type="fig"}, [10F--J](#F10){ref-type="fig"}), which had stronger pectin biosynthesis and higher degrees of demethylation.

Potential utilization of *ABC* and *PME* genes in the genetic improvement of PCR {#s29}
--------------------------------------------------------------------------------

In this study, we focused on the *ABC* transporter genes involved in the vacuolar sequestration of Cd and the *PME* genes involved in regulating CW pectin-mediated retention of Cd, both of which we found to play crucial roles in determining PCR.

The CAXs/HMA3 and ABC transporters mediate the transport of free Cd^2+^ and Cd chelates, respectively, into vacuoles ([@CIT0088]; [@CIT0067]; [@CIT0075]; [@CIT0008]). Only a small fraction of the Cd in the plant cytosol is present in the form of free Cd^2+^, and most is bound to ligands ([@CIT0010]). Therefore, we paid more attention to the ABC transporters involved in Cd sequestration. In the model plants Arabidopsis and rice, more than 120 *ABC* family members have been identified, although only a few of them have been functionally characterized ([@CIT0039]). Thus far, eight *ABC* subfamilies, namely *ABCA--G* and *ABCI*, have been identified in plants ([@CIT0086]) but only three *ABCC* (*ABCC1/2/3*) subgroup members have been demonstrated to mediate the sequestration of PC--Cd or GSH--Cd complexes into vacuoles ([@CIT0061]; [@CIT0042]; [@CIT0067]; [@CIT0008]). However, redundancy in vacuolar sequestration of Cd occurs among the three ABCC transporters ([@CIT0008]), and the reason why the *HMA3* gene, but not the *ABCC* transporter genes, is always identified as the major determinant for Cd accumulation or PCR in genome-wide association studies is probably due to the large functional redundancy of *ABCC1*, *ABCC2*, and *ABCC3*, and to the low probability that all of these genes are mutated in the same plant ([@CIT0086]). In our present study, we did not detect any expression of either *ABCC1* or *ABCC2*. Among the genome-wide *ABCC3* family genes of rapeseed, six Cd-responsive members were differentially expressed between 'Z11' and 'W10', and *BnaCn.ABCC3* was characterized as the central member that is potentially involved in Cd chelate sequestration into the vacuoles ([Fig. 6J](#F6){ref-type="fig"}, K). Although overexpression of the *ABCC* genes enhances PCR, their function is largely dependent on PC biosynthesis ([@CIT0067]; [@CIT0008]). Thus, compared with separate overexpression of *ABCC*s and *PCS*s, concurrent modulation of them may have a more pronounced effect on improvement of PCR.

PMEs determine pectin demethyl esterification by regulating the number of free carboxyl and hydroxyl groups that have negative charges, which greatly affects trapping of Cd by CWs ([@CIT0068]). Suitably enhanced expression of *PME*s and stronger PME activity contribute to a higher degree of pectin demethylation, which creates more binding sites for Cd within the CW ([@CIT0025]). Overexpression of *PME14* in rice significantly increases aluminum contents in root-tip CWs ([@CIT0083]). A mutation in the Arabidopsis *PME3* as well as its aberrant expression cause hypersensitivity specifically to excess zinc ([@CIT0077]). Therefore, the potential exists to engineer the expression of *PME*s in order to enhance deposition of Cd within CWs, thus further protecting the cytosol from toxicity, and ultimately increasing the PCR.

In conclusion, in this study we have integrated morphophysiological, ionomic, genomic, transcriptomic, and metabolomics data to systematically elucidate the key roles of vacuolar sequestration and cell wall pectin retention in rapeseed resistance to Cd toxicity ([Fig. 11](#F11){ref-type="fig"}). We can also conclude that such an multiomics-assisted examination of crop traits provides a powerful tool for improving our understanding of regulatory mechanisms.

Supplementary data {#s30}
==================

Supplementary data are available at *JXB* online.

Table S1. Gene-specific primers used for qRT-PCR assays in this study.

Table S2. Overview of the whole-genome resequencing data of sensitive genotype 'W10'.

Table S3. Overview of the transcriptome sequencing data of the Cd-resistant and Cd-sensitive genotypes.

Fig. S1. Trichome density, mean length of root hairs, stomatal size, and peroxisome numbers per cell under Cd toxicity in the Cd-resistant and Cd-sensitive genotypes.

Fig. S2. Tissue concentrations of several cations in the Cd-resistant and the Cd-sensitive genotypes.

Fig. S3. Characterization of single-nucleotide polymorphisms and insertions/deletions between the Cd-resistant and the Cd-sensitive genotypes.
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ABC

:   ATP-binding cassette

CAX

:   cation/H^+^ exchanger

Cd

:   cadmium

CNV

:   copy number variation

CW

:   cell wall

DEG

:   differentially expressed gene

gDNA

:   genomic DNA

GSH

:   glutathione

GST

:   glutathione S-transferase

GO

:   gene ontology

HMA

:   heavy metal ATPase

ICP-MS

:   inductively coupled plasma mass spectrometry

InDel

:   insertion/deletion

KEGG

:   Kyoto Encyclopedia of Genes and Genomes
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:   metal transporter protein

NRAMP

:   natural resistance-associated macrophage protein

PC

:   phytochelatin

PCR

:   plant cadmium resistance

PCS

:   phytochelatin synthetase

PME

:   pectin methyl esterase

qRT-PCR

:   quantitative reverse-transcription polymerase chain reaction

ROS

:   reactive oxygen species

SNP

:   single nucleotide polymorphism

SV

:   structure variation

UHPLC-MS

:   ultra-high performance liquid chromatography-mass spectrometry
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